The mechanisms of tribo-chemical reactions occurring between atmospheric gases and Cu, Fe, and Ni induced by friction were analyzed using XPS combined with a friction test system. For Ni, the friction coefficient measured in hydrogen was comparable to that measured in air. On the basis of results of the friction test performed by varying the partial pressure of hydrogen, the authors proposed a reaction model to describe the phenomena observed, and analyzed the role of the hydrogen and trace gases. The results indicated that water as well as hydrogen had an important role in the tribo-chemical reaction of Ni in a hydrogen gas environment.
Introduction
Analyzing the dynamics of sliding materials and environmental molecules is important for understanding boundary lubrication. When metals are slid in various environments, friction-induced surface reactions (tribo-chemical reactions) occur between the atmospheric gases and metal surfaces [1] . The films that form on the surfaces also govern the frictional properties. Therefore, the phenomena that occur during frictional motion in various environments are the topic of various researches. A key point is to clarify the mechanisms of the tribo-chemical reactions.
Hydrogen has been attracting considerable attention as an alternative to fossil fuels. In utilizing hydrogen energy fuel with cells, mechanical systems and machine elements would need to operate in hydrogen environments. In many cases, mechanical systems and machine elements must perform without lubrication because contamination from the lubricants would pose serious problems for the operation of the fuel cells. An important subject of tribology in this context is to maintain reliability and ensure long life of these elements without lubrication. It is necessary to clarify the mechanisms of the tribo-chemical reactions that occur between atmospheric gases and materials.
The phenomenon of hydrogen tribosorption from the contact zone into the surface layers of machine parts has been confirmed by numerous investigations [2] [3] [4] [5] [6] [7] . An effective way to protect against hydrogen wear is to use materials that do not readily absorb hydrogen and to apply thermo-chemical treatment to form nitride and nitride-like layers [3, 4] . Coatings are actually engineered for a specific set of properties: high wear resistance [8, 9] , high hardness at high operating temperatures, and low friction [10, 11] . However, these films still have shortcomings, such as their finite wear life. An ideal solution may be to form materials that exhibit good tribological performance on the surface by tribo-chemical reaction in a hydrogen environment. Recently, Fukuda et al. performed friction tests on pure iron and ferrous materials in a hydrogen gas environment, and suggested that trace water and oxygen have a large effect on the friction and wear properties of ferrous materials [12, 13] . Furthermore, they pointed out that metal hydrides that form on the worn surfaces may also have some effects on the friction and wear properties. Murakami et al. have clarified that the metal hydrides that form on worn surfaces reduced the coefficient of friction when zirconium and niobium were slid in a hydrogen gas atmosphere [14] .
Nickel (Ni) is well known as a good catalyst for the hydrogenation of a carbon-carbon double bond. In addition, Ni has been widely used as the electrode material in fuel cells. Therefore, there is considerable interest in the interaction of O 2 , H 2 and H 2 O with nickel surfaces [15] . Hydroxyl (OH) was reported to have formed following the reactions of H 2 with oxygen-covered polycrystalline nickel [16] [17] [18] . Benndorf et al. [19] have observed adsorbed OH on an oxygen-dosed Ni(1 1 0) surface by employing electron-stimulated desorption ion angular distribution (ESDIAD) studies coupled with UPS methods for H 2 O adsorption. Keiser et al. [20] have studied the reactions of H 2 and O 2 mixtures and the dissociation of H 2 O on polycrystalline nickel. The formation of OH fragments has also been observed from water decomposition on Ni(1 1 0) [21] and Ni(1 1 1) [22] by high-resolution electron energy loss spectroscopy (HREELS) at around 200 K. Among these experimental results, we paid attention to the presence of the O-H species on nickel surface. Nickel hydroxide has a hexagonal structure. Therefore, if nickel hydroxide had formed on the surface by the tribo-chemical reaction in a hydrogen environment, it might have the potential to reduce the friction force.
In our present study, we analyzed the mechanism of the tribo-chemical reactions of nickel in a hydrogen environment using x-ray photoemission spectroscopy (XPS) combined with a friction test system [23] . This system is capable of analyzing the sliding metal surfaces without exposure to air. Iron (Fe) and copper (Cu) were also used for comparison.
Experimental section
Pure metals of Ni, Fe and Cu, which have different chemical reactivity derived from their different electron configurations, were used. Friction tests on the Cu, Ni and Fe were performed in vacuum, in argon (Ar), in hydrogen (H 2 ), and in air environments. The base pressure of the friction test chamber was about 2 × 10 -6 Pa. When the friction tests were performed in Ar, H 2 and air, the pressure of the gases was kept at about 1 × 10 5 Pa. To analyze the tribo-chemical reactions of nickel in the hydrogen environment, the pressure of the hydrogen gas was gradually increased from 10 -6 Pa to 10 -2 Pa in 10 Pa increments during the friction test. To confirm the effects of the trace gas on the tribo-chemical reactions of nickel in a hydrogen environment, such as water and oxygen, the partial pressure of oxygen and water was also changed. After the friction tests, the worn surfaces were analyzed using XPS.
Double-ended metal rods with both ends curved to a radius of 3 mm were used as the pins for the tribometer. The opposing friction surface was 25 mm diameter disks made using materials similar to the pins and fixed to the sample holder for transfer to the XPS analysis chamber.
The disks and both ends of the pins were ground and polished to reduce their roughness to less than 0.1 µm (Ra). The pins and disks were ultrasonically cleaned in a mixture of acetone and petroleum benzene, and then dried by an Ar gas blow. The pins were rigidly fixed to parallel leaf springs, which were used to measure the normal load and friction force. The pin holder unit was driven by a servo motor through a straight bevel gear and a ball screw. The back-and-forth motion was performed at a sliding length of 2 mm with a frequency of 0.5 Hz, making the sliding speed about 2 mm/s. The normal load was set at about 1 N. After the friction tests in vacuum, in Ar, in hydrogen and in air environments, the disks were transferred to the XPS analysis chamber without exposure to air.
XPS spectra were recorded using a Theta Probe XPS system (Thermo Fisher Scientific, K.K.) with a monochromatic Al-Kα X-ray source (1486.6 eV). The base pressure of the XPS system was less than 1.3 × 10 -7 Pa. The binding energy was calibrated using C (1s) peak energy (284.6 eV) as an energy standard. Other relevant settings were: X-ray power, 19 W; pass energy of the analyzer, 100 eV; and diameter of the X-ray source, 100 µm. The analyzed area was comparable to the width of the wear track. The peak area was calculated using the background subtraction and curve-fitting functions of the Avantage Data System software (Thermo Fisher Scientific). Figure 1 shows changes in the coefficient of friction of Cu in vacuum (gray line), in Ar (green line), in hydrogen (red line) and in air (blue line) environments with time. The coefficient of friction rose steeply with time just after the start of the friction test, and then became a constant value. The time-dependent changes of the coefficient of friction of Cu in vacuum, in Ar, and in hydrogen showed the same tendency. The average values of the coefficient of friction in the last 1 min measured in vacuum, in Ar, and in hydrogen were 1.60, 1.83, and 1.36, respectively. The plateau in the coefficient of friction was greater than 1 in vacuum, in Ar, and in hydrogen. However, the average value of the coefficient of friction in the last 1 min measured in air was approximately 0.81, which was approximately half of the coefficient of friction measured in the other environments. Figure 2 shows the O (1s) XPS spectra of the wear tracks that formed (a) in vacuum, (b) in Ar, (c) in hydrogen, and (d) in air environments. Two oxygen peaks were detected in each XPS spectra. One was the BE of O (1s) peak of approximately 529.6 eV, which corresponds to the metal oxide. The other was the BE of O (1s) peak of approximately 531.5 eV, which corresponds to the hydroxyl groups. Compared with results in the other environments, the component of the metal oxide increased dramatically after the friction test in air. These results indicate that the worn surface may be considered to have oxidized during the friction test in air, and that the oxide film that formed on the surface had likely reduced the friction in the case of Cu. Figure 3 shows changes in the coefficient of friction of Fe in vacuum, in Ar, in hydrogen and in air environments with time. The time-dependent changes of the coefficient of friction of Fe were similar to those of Cu. The average value of the coefficient of friction in the last 1 min measured in vacuum (0.75), in Ar (0.69), and in hydrogen (0.75) was approximately 0.7. However, the average value of the coefficient of friction in the last 1 min measured in air was approximately 0.33 which was approximately half of the coefficients of friction measured in the other environments. Figure 4 shows the O (1s) XPS spectra of the wear tracks that formed (a) in vacuum, (b) in Ar, (c) in hydrogen, and (d) in air environments. Two oxygen peaks were detected in each of the XPS spectra as in the case of Cu. The ratio of the normalized peak area of O (1s) to that of Fe (2p 3/2 ) observed for each environment was larger than that of Cu. This indicates that Fe was subject to the formation of an oxide film. In both cases, the ratio of the normalized peak area of O (1s) to that of metal (2p 3/2 ) was largest when the friction tests were performed in air. Therefore, the formation of the oxide films in our study can be attributed to the friction reduction in air which is a well-known result [1] . Figure 5 shows changes in the coefficient of friction of Ni in vacuum, in Ar, in hydrogen and in air environments with time. Unlike Cu and Fe, the coefficient of friction of Ni measured in hydrogen was smaller than that measured in vacuum and in Ar. The average values of the coefficient of friction in the last 1 min measured in hydrogen and in air were approximately 0.73 and 0.79 respectively, which is approximately half of the coefficients of friction measured in vacuum (1.42) and in Ar (1.21). Figure 6 shows (a) O (1s) and (b) Ni (2p) XPS spectra and their components for wear tracks of Fe formed (a) in vacuum, (b) in Ar, in (c) hydrogen and (d) in air environments. Two oxygen peaks were detected in each of the XPS spectra as was the case in Cu and Fe. The ratio of the hydroxyl groups to metal oxide sliding in hydrogen (2.8) and in air (2.5) were approximately two times larger than those that were slid in vacuum (1.5) and Ar (1.3). These results indicate that the hydroxyl groups affect the coefficient of friction of Ni. The binding energy of the Ni (2p 3/2 ) peak of around 852 eV corresponds to metal nickel. The peak corresponding to nickel oxide (NiO) must be located at around 854 eV, however, this peak was small even when the friction tests were performed in air. On the other hand, the component at around 856 eV, which corresponds to nickel hydroxide, was clearly observed for the worn surface in hydrogen and in air. These results indicate that the nickel hydroxide films that formed on the surface might have reduced the friction. Friction reduction in a hydrogen environment is particularly significant for Ni compared with Cu and Fe. Next, to analyze the tribo-chemical reaction of nickel in a hydrogen environment, the pressure of the hydrogen gas was gradually increased from 10 -6 Pa to 10 -2 Pa in 10 Pa increments during the friction test.
Results and discussion
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3.3. Partial pressure dependence of the coefficient of friction of Ni in a hydrogen gas environment Figure 7 shows changes in the coefficient of friction and partial pressure of mass 2, which corresponds to the H 2 molecule with time. In this figure, the results of two individual experiments are shown. Figure 8 shows the relationship between the coefficient of friction and partial pressure of H 2 . The blank and filled circles correspond to the results of Figure 7 (a) and 7(b), respectively. The coefficient of friction corresponding to each partial pressure of H 2 was evaluated by averaging the measured coefficient of friction for each partial pressure. In both cases, the coefficient of friction reduced as the H 2 pressure increased. Here, we assumed that friction reduction might relate to the material that formed on the Ni surface by tribo-chemical reaction during the friction tests in the hydrogen environment. Based on this assumption, we propose a tribo-chemical reaction model of Ni in a hydrogen environment.
Model of tribo-chemical reaction of Ni in a hydrogen gas environment
When a metal surface is rubbed, the native oxide becomes worn and a nascent surface will appear. At this point, the native oxide might partly remain on the surface. Because a nascent surface is chemically reactive, it will react with environmental gases. Then, some products, such as oxides and hydroxides, will form on the surface. The coefficient of friction will be related with the surface coverage of the reactants such as oxide and hydroxide as presented in equation (1).
Here, we assume that the coverage of the reactant is θ, the apparent coefficient of friction (µ app ) was determined by the area ratio of the reactant to the nascent surface, and that the coefficients of friction of the reactant and nascent surface are µ rea and µ NS , respectively. From our experimental results, we assumed µ rea and µ NS might correspond to the coefficients of friction in vacuum (1.5) and in hydrogen at 1 × 10 5 Pa (0.7), respectively. Next, to evaluate the relationship between the coefficient of friction and partial pressure of H 2 , we consider the adsorption kinetics of hydrogen on a nascent surface.
The free gas and the adsorbed gas are in dynamic equilibrium, and the fractional coverage of the surface depends on the pressure of the overlying gas. The Langmuir isotherm, which is the simplest physically plausible isotherm, is based on three assumptions [24]:
1. Adsorption cannot proceed beyond monolayer coverage. 2. All sites are equivalent and the surface is uniform, that is, the surface is perfectly flat on a microscopic scale. 3. The ability of a molecule to adsorb at a given site is independent of the occupation of neighboring sites. The dynamic equilibrium is A (g) + M (surface) ↔ AM (surface) with rate constant k a for adsorption and k d for desorption. The rate change of the surface coverage due to adsorption is proportional to the partial pressure p of gas A and the number of vacant sites N (1 -θ) , where N is the total number of sites:
The rate of change of θ due to desorption is proportional to the number of the adsorbed species, N θ:
At equilibrium there is no net change, that is, the sum of these two rates is zero, and solving for θ gives the Langmuir isotherm:
For adsorption with dissociation, the rate of adsorption is proportional to the pressure and the probability that both atoms will find sites, which is proportional to the square of the number of vacant sites,
The rate of desorption is proportional to the frequency of encounters of atoms on the surface, and is therefore second-order in the number of atoms present:
The condition for no net change leads to the isotherm
By substituting equations (4) and (7) into equation (1), we can evaluate the relationship between the coefficient of friction and partial pressure of H 2 .
For non-dissociative adsorption,
For dissociative adsorption,
The solid and dashed lines in Figure 8 indicate the curves fit by equation (9) and (8), respectively. Our experimental data were well fitted by the dissociative adsorption model. Therefore, this indicated that hydrogen was dissociatively adsorbed on Ni which is a well-known result. However, we also obtained data which indicated that the friction was reduced even in low hydrogen pressure. Figure 9 (a) shows changes in the coefficient of friction and partial pressure of mass 2, which corresponds to the H 2 molecule with time. Figure 9(b) shows the relationship between the coefficient of friction and partial pressure of H 2 . The data shown in Figure 9 (a) corresponding to the filled squares is overlaid on the data from Figure 8 . Obviously, friction reduced even in low hydrogen pressure. This result could not be explained by our proposed model. Other factors which contributed to the friction reduction must be at work.
Fukuda et al. have suggested that trace water and oxygen have a large effect on the friction and wear properties of ferrous materials [12, 13] . In addition, there is considerable interest in the interaction of O 2 , H 2 and H 2 O with nickel surfaces as mentioned in section 1. Therefore, we must consider the effects of O 2 and H 2 O Fig. 10 Relationship between coefficient of friction and partial pressure of O 2 molecule on the tribo-chemical reactions of Ni in a hydrogen gas environment. Figure 10 shows the relationship between the coefficient of friction and partial pressure of mass 32, which corresponds to the O 2 molecule. The coefficient of friction of the experiment shown in Figure 8 (filled squares) was low even though the partial pressure of O 2 was comparable with the other experiment of about 10 -6 Pa (blank and filled circles). Factors other than O 2 must be at work. Therefore, we concluded that oxygen might not have affected the frictional property in our experiment. Next, we consider the effect of water on the friction of Ni in a hydrogen gas environment. When we consider the two kinds of gases that contribute to a surface reaction, such as surface-catalyzed reactions, we expect the rate law to be second-order in the extent of the surface coverage (Langmuir-Hinshelwood mechanism) [24] :
A + B P If A and B follow Langmuir isotherms, and adsorb without dissociation, so that
Here, we reconsider the apparent coefficient of friction related to the tribo-chemical reaction of the hydrogen and water as equation (14) .
where the coefficient of friction of the reactant and the surface covered with H 2 and H 2 O correspond to µ NS , µ H and µ H2O , the coverage of H 2 and H 2 O correspond to θ H and θ H2O . Assuming µ H is roughly in accordance with µ H2O , equation (14) becomes
By substituting equations (10), (11) , (12) and (13) 
Furthermore, assuming p H is α times as large as p H2O (p H =α p H2O ), equations (16) and (17) 
As a result, we consider the effect of water on the tribo-chemical reaction of Ni with hydrogen gas by using equations (16) and (17) .
To examine the cause and correlation of the effect of water, we varied the ratio of the partial pressure of H 2 to H 2 O from 1 to 100. Figure 11 shows the relationship between the partial pressures of H 2 and H 2 O. The solid blue, orange, and green circles correspond to the ratio of the partial pressures of H 2 to H 2 O of 1, 10, and 100, respectively. Figure 12 shows the relationship between the coefficient of friction and partial pressure of H 2 O for each ratio of the partial pressure of H 2 to H 2 O. The solid and dashed lines in Figure 12 indicate the curves fit by equation (17) and (16), respectively. In the case of the ratio of partial pressure of H 2 to H 2 O of 100, our experimental data were well fitted by dissociative adsorption model. However, for the case of the ratio of H 2 to H 2 O of 1 and 10, the data was well fitted by non-dissociative adsorption model. These results indicate that the tribo-chemical reaction of Ni in a hydrogen gas environment is very sensitive to changes in water content.
From our results, we summarize the tribo-chemical reaction of Ni in a hydrogen gas environment as follows. When the partial pressure of the hydrogen is low (less than 1 × 10 -5 Pa) and the partial pressure of the water is negligible, almost no reaction occurs on the surface. When the partial pressure of the hydrogen is low, and when the partial pressure of the water is comparable to that of the hydrogen, water molecules may non-dissociatively physisorb on the surface. Therefore, this physisorbed water layer is likely to have a significant effect on the friction reduction. When the partial pressure of the hydrogen becomes high (more than 10 -4 Pa), the hydrogen and other gases may dissociatively adsorb and react with the surface during sliding. Keiser et al. [20] have studied the reaction of H 2 and O 2 mixtures and the dissociation of H 2 O on polycrystalline nickel. Therefore, we think that the adsorbed O-H species that formed on the nickel surface induced the formation of nickel hydroxide during the friction tests in the hydrogen gas environment. The expected adsorption species are as follows.
O 2 (g) + 2Ni 2O/Ni (ad) 2NiO H 2 (g) + 2Ni 2H/Ni (ad) 2O/Ni (ad) + 2H/Ni (ad) 2OH/Ni (ad) Ni(OH) 2 H 2 O (g) + 2Ni H/Ni (ad) + OH/Ni (ad) H/Ni (ad) + O/Ni (ad) + OH/Ni (ad) Ni(OH) 2 XPS results indicated that the hydroxyl groups have a relationship with the friction reduction of Ni, and nickel hydroxide formed on the worn surface. Furthermore, nickel hydroxide has a hexagonal structure. Therefore, we concluded that the nickel hydroxide films that formed on the surface might have reduced the friction. Further experiments, such as varying the partial pressure of the oxygen and water over a wide range for other metals, should be conducted to clarify the details of the mechanism of the tribo-chemical reactions of metals in hydrogen gas environments.
Conclusions
We examined the frictional properties of Cu, Fe and Ni in vacuum, in Ar, in hydrogen and in air environments. Using XPS combined with a friction test system, we precisely analyzed the effect of trace gases on the tribo-chemical reaction of Ni in a hydrogen gas environment. The time-dependent changes of the coefficient of friction of Cu Ni, and Fe showed the same tendency. The coefficient of friction rose steeply with time just after the start of the friction test, and then became a constant value. For Cu and Fe, the average values of the coefficient of friction in the last 1 min measured in vacuum, in Ar, and in hydrogen environments were larger than that measured in air environments. The formation of oxide films can be attributed to the friction reduction in air, which is a well-known result. On the other hand, unlike Cu and Fe, the coefficient of friction of Ni measured in hydrogen was smaller than that measured in vacuum and in Ar. We proposed a tribo-chemical reaction model of Ni in a hydrogen gas environment on the basis of the results of our friction tests performed by varying the partial pressure of the hydrogen gas. The adsorption form of the environmental gases changed depending on the partial pressure of the H 2 and H 2 O. The results indicated that water as well as hydrogen played an important role in the tribo-chemical reaction of Ni in a hydrogen environment.
